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I. INTRODUCTION
Magnetic fields are present in nature on different scales. One finds them on extremely large scales of planets and stars in astrophysics [1] to reduced scales in accelerator techniques for the particle beams guiding and focusing [2] . Generating high strength magnetic fields is essential for many projects and research programs, as it is demonstrated by the International Conference on MegaGauss Magnetic field generation.
For less than 20 years, the laser-plasma community has brought a growing contribution to this topic. The generation of a quasistatic long time standing magnetic field in the laser-plasma interaction is a subject of many theoretical [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and experimental studies [14] [15] [16] . Two approaches were considered. One consisted in designing the target in such a way that the interaction with the laser generated controlled azimuthal currents [10, 11] . Another one proposed to transfer angular momentum from laser to electrons by using circularly polarized laser beam [3] [4] [5] [6] [7] [8] [9] [14] [15] [16] or laser beam with a structured spatial shape [12, 13] . In [3] [4] [5] [6] [7] [8] [9] , the authors considered theoretically the magnetization of a medium exposed to a circularly polarized Gaussian laser beam. Plasma magnetization originated from the inverse Faraday effect, where the spin angular momentum of a laser beam was transferred to the plasma electrons due to dissipation processes such as collisions, ionization, or radiation friction. This laser to electron angular momentum transfer has been experimentally observed [14] [15] [16] . Ali et al. [12] , considered a linearly polarized laser beam carrying orbital angular momentum (OAM) [17] and analytically demonstrated that such a laser beam transfers its OAM to electrons through the inverse bremsstrahlung dissipative process. Lécz et al. [13] and Wang et al. [18] numerically modeled the interaction of a screw-shaped laser pulse with an underdense plasma and observed laser to electron OAM transfer in the laser wakefield.
In this article, we present a setup where a quasistatic axial magnetic field is generated through a purely optical process. In contrast to previous works [3] [4] [5] [6] [7] [8] [9] [12] [13] [14] [15] [16] , this setup does not need any dissipative process, the electrons gain OAM irreversibly from their driven oscillatory motion in a spatially inhomogeneous laser beam. The axial magnetic field, produced in an underdense plasma irradiated by a radially polarized OAM laser beam, is presented in Sec. II. A technique allowing the emission of such laser beams was described by Li et al. [19] , who predicted the efficiency of excitation of the radial component attaining 98%. In Sec. III, threedimensional (3D) particle in cell (PIC) simulations, modeling the laser-plasma interaction, show an efficient orbital angular momentum transfer from laser to electrons. A laser with intensity equal to 2 × 10 18 W/cm 2 generates a megagauss range solenoidal magnetic field. This is a much more efficient process compared to previous works [4, 12] where similar magnetic field strengths were expected with higher laser intensities, 7.3 × 10 22 W/cm 2 and 10 19 W/cm 2 , respectively. Section IV presents a simplified model describing the laserelectron dynamics. It demonstrates that the laser to electron OAM transfer originates from the joint radial and longitudinal electron motion in the laser field and does not require any dissipative process. The agreement observed between the 3D PIC simulations and the simplified model provides means for controlling the magnetic field with laser parameters. Particularly, the axial B-field amplitude can be strengthened by increasing the laser pulse duration.
II. RADIALLY POLARIZED LASER BEAM CARRYING OAM

A. Input laser beam
To model a tightly focused radially polarized laser beam carrying OAM, as presented in [19] , we consider the numerical algorithm developed by Thiele et al. [20] . It consists in prescribing the temporal and spatial shape for the electromagnetic fields at the focal point x = x 0 in a vacuum, and then solving the Maxwell's equations in a vacuum to compute the electric and magnetic fields' components at the box boundaries (x = 0 plane). This method provides the electromagnetic fields consistent with the Maxwell's equations and is valid beyond the paraxial approximation for a laser beam. In our study, the radially polarized OAM laser beam is prescribed at the focal point x = x 0 in the cylindrical coordinates (r, θ, x):
with the radial distribution f (r ) = C l (r/w 0 ) |l| e −(r/w 0 ) 2 , the temporal envelope g(t ) = cos 2 (π t−t 0 τ ) in the time interval |t − t 0 | < τ/2, the laser OAM l, the focal beam waist w 0 = 2 μm (2.5 times the laser wavelengths), the pulse duration τ equal to six optical periods (τ 0 ), the central time t 0 , the laser amplitude E 0 , the normalization factor C l = 2 |l|+1 /|l|!, and the radial unit vector e r . The laser frequency ω 0 = 2.3 × 10 15 s −1 corresponds to the laser wavelength = 0.8 μm. The electromagnetic energy distribution for the l = 1 laser beam is illustrated in Fig. 1 . It is characterized by two entangled helices with electric field vectors directed along the same radial direction.
The components of such a laser beam at the numerical box left border are computed by using the numerical algorithm described in [20] . Then its longitudinal propagation in a vacuum or in plasma is computed with the numerical Maxwell solver implemented in the PIC code OCEAN.
B. Analytical expressions
By using the Maxwell-Gauss and the Maxwell-Faraday equations, we compute the longitudinal component of the electric field and the magnetic fields' components at the focal point. The electric and magnetic field components are written at x = x 0 :
FIG.
1. An OAM l = 1 laser beam helical energy distribution.
where φ = ω 0 t − lθ − k 0 x is the phase term, k 0 is the wave number, and a 0 = eE 0 /m e ω 0 c (m e is the electron mass, e is the electron charge, and c is the light speed in a vacuum) is the dimensionless field amplitude. Figure 2 displays the transverse cut of the electric field components at the focal point, x 0 = 46 c/ω 0 , for a 0 = 1, l = 1, and ω 0 = 2 μm. As expected, the radial component dominates. Its transverse cut presents two lobes containing an electric field oriented along the same direction. A small longitudinal component, dephased with the radial component by a factor π/2, appears in agreement with previous equations. The azimuthal component is zero.
Similar electric field components are presented in Fig. 3 , but at a longitudinal position localized before the focal point, x = 30 c/ω 0 , only three laser wavelengths from the focus.
We still observe two lobes for the radial and longitudinal electric fields, but this time the field azimuthal component is nonzero. It contains also two lobes nearly phase-matched with the radial component, but a smaller amplitude. This nonzero azimuthal component appears out of the focal point because the radially polarized laser beam prescribed in Eq. (1) is not the eigensolution of the Maxwell equations. The Laguerre Gauss (LG) beams are known to verify the wave equation in the paraxial approximation [17, 21] , with a linear polarization. For our study, the laser beam is a LG-like beam with a radial polarization, where the polarization vector e r = cos θ e y + sin θ e z depends on the azimuthal angle (e y , e z are the unit vectors in the transverse plane). This analytical expression is not an eigensolution of the Maxwell equations. Moreover, we consider a strongly focused laser beam so that the paraxial approximation is no more valid to model the laser beam. As a result, the electromagnetic fields do not propagate by keeping the spatial characteristics described in Eqs. (2), (3), and (4); a nonzero azimuthal component appears out of the focal point. Figures 3 and 4 show that this azimuthal component can reach at maximum 20% of the radial electric field amplitude. It varies along the propagation direction. Its amplitude is reduced down to zero at the focal point, and then, after the focal point, is increased from zero value up to 20% of the radial electric field amplitude.
We do not have access to the analytical expressions for the electromagnetic fields defining this radially polarized LG beam. However, their numerical expressions can be computed from the Maxwell solver developed in the PIC code OCEAN and from the numerical algorithm developed by Thiele et al. [20] . Both numerical solutions give the same electromagnetic patterns which can be approximated by (6) 033211-2 
where α = 0.1 models an averaged variation of the ratio between the azimuthal and the radial field component along the propagation direction.
III. MAGNETIC FIELD GENERATION
A. Particle in cell simulations
Interaction of such a laser beam with a collisionless underdense plasma is studied with the 3D PIC code OCEAN [22] . The numerical box is composed of 640 cells along the longitudinal axis x, and 512 × 512 cells in the transverse plane (y, z), with a spatial resolution of 19 nm. Absorbing conditions for the electromagnetic fields and particles are defined at the box boundaries. The laser pulse with an OAM l = 1 and an intensity 2 × 10 18 W/cm 2 , corresponding to the dimensionless field amplitude a 0 = 1, is injected into the numerical box from the left border. The total laser energy is 2.5 mJ. The plasma composed of electrons and protons has an initial density equal to 1.74 × 10 19 cm −3 , corresponding to 1% of the plasma critical density n c = 1.74 × 10 21 cm −3 . The plasma has a cylindrical shape with a 1.52 μm length and a 6.9 μm diameter. These small plasma dimensions have been chosen to reduce the CPU time of 3D PIC simulations. However, it is verified that the presented results hold for any plasma geometry provided that the plasma transverse size is larger than the laser beam waist. Ten macroparticles per cell are considered.
In PIC simulations, we compute the average longitudinal orbital angular momentum gained by electrons in the laser beam At the end of their interaction with the laser, more than 70% of electrons have acquired a negative angular momentum.
The transversal cut of the electron longitudinal OAM distribution, shown in Fig. 6 , displays a ring (a tube in 3D) containing the highest electron L x amplitude with an external radius r 1 ∼ 15 c/ω 0 and an internal one r 0 ∼ 6 c/ω 0 . These rotating electrons, characterized by L x slightly lower than −0.4 m e c 2 /ω 0 , form a solenoidal structure with an axial magnetic field inside (see Fig. 7 ) The central hole shows L x close to zero, in agreement with the laser intensity distribution. Figure 7 displays an isocontour of the longitudinal magnetic field B x once the laser has left the plasma area. The quasistatic B x field presents a cylindrical shape: its axial length is equal to the plasma length (∼2.5 μm) and its radius is limited by the contour where the laser intensity is maximal (r = 12 c/ω 0 ). The cylinder axis coincides with the laser one. The B x maximal amplitude reaches 0.004 B c , where B c = m e ω 0 /e = 13 382 T. In the International System of units, this corresponds to 53 T magnetic field, i.e., 0.5 megagauss.
B. Solenoid model
We compare this value to the B x field generated by electrons localized in a hollow cylinder with a length d, an internal radius r 0 , and an external radius r 1 . The electron density is set to n e and the electron longitudinal orbital angular momentum is equal to l x . We consider the laser unit system, where lengths are expressed in c/ω 0 = 127.3 nm, density is expressed in n c and magnetic field is expressed in B c . The derivation of the Biot-Savart law [23] , presented in Appendix A results in
We consider the values computed in PIC simulations: 
IV. LASER TO ELECTRON OAM TRANSFER
A. Electron tracking in simulations
To understand how electrons gain their angular velocity, we implemented in the OCEAN code a particle tracking module. This diagnostic consists in adding some arbitrarly chosen electrons that experience the electric and magnetic fields but do not produce the self-consistent fields, automatically computed in PIC simulations. Figure 8 displays the longitudinal OAM acquired by these "test electrons" at the end of their interaction with the laser beam as a function of their initial radial coordinate (r 0 ), when the plasma motion is active (green circle) so that plasma self-consistent fields influence the laserelectron dynamics and when the plasma motion is "frozen" (gray markers) where these "test electrons" only experience the laser electromagnetic fields.
The green circles show that L x values lower than −0.4 m e c 2 /ω 0 are obtained for electrons initially localized in the zone where the laser intensity is maximum, i.e., r = 7-12 c/ω 0 . Moreover, the L x spatial distribution follows the laser intensity spatial shape. Same characteristics are observed for the L x radial distribution when the plasma motion is frozen (gray markers), except that the electron angular momenta reach higher absolute values. This demonstrates that the OAM transfer from laser beam to each electron is a pure optical process for which the efficiency increases as the plasma self-consistent fields are turned off. When the plasma motion is active, a longitudinal charge separation field is generated on the rear plasma surface due to the ion inertia. This electrostatic field keeps the electrons confined in the plasma zone reducing their interaction time with the laser, and then their angular velocity gain. To overcome this limitation, the plasma length should be increased. 
B. Reduced model and the perturbative development
The PIC simulations demonstrate that the laser to electrons OAM transfer results from a nondissipative optical process. We confirm it by developing a reduced numerical model describing the laser beam induced electron dynamics. It solves the relativistic equations of electron motion in the electric (E r , E θ , E x ) and magnetic fields (B r , B θ , B x ) of which analytical expressions are given in Eqs. (5), (6) , and (7)
where p r = γ v r = γṙ, p θ = γ v θ = γ rθ, and p x = γ v x =ẋ are the radial, azimuthal, and longitudinal electron momenta, respectively, and γ =
x is the Lorentz factor.
First, we assume a low laser intensity (a 0 << 1) which allows a perturbative expansion of Eqs. (10), (11), and (12) in powers of a 0 . The details on the analytical computations are given in Appendix B. Integrated over the pulse duration, the first order of electron OAM is zero, so that it does not contribute to the final electron OAM.
Only the −r 0 (10), (11), and (12) (black circle) and from the analytical expression [Eq. (14)] (red curve) for a 0 = 0.4. We note a perfect agreement between both curves. As already observed in the PIC simulations (Fig. 8 ), even at low intensity, most of the electrons acquire a negative longitudinal OAM. This analysis evidences that the laser to electron OAM transfer originates from the radial and longitudinal electron drift in the laser field. For r 0 = w 0 / √ 2 (where the intensity is maximum), the electrons acquire the maximum angular rotation, and the theoretical development of L (2) x (not shown here) enables to quantify that the electron longitudinal motion contributes for 2/3 and the radial one for 1/3 to the final angular momentum value.
For higher laser intensity, a 0 = 1, the black circles and the red curve in Fig. 8 display the L (2) x values computed by numerically integrating Eqs. (10), (11) , and (12) and with the theoretical formula [Eq. (14)], respectively. The analytical expression deviates from the numerical integration of motion equations, but demonstrates a qualitatively similar behavior. We observe negative longitudinal OAM gained by electrons, and the correct order of magnitude for the L x values. A relatively good agreement between numerical results and PIC simulations is evident even though the azimuthal component of the field is chosen constant along the laser propagation in the numerical model. In both cases, the laser transfers to electrons negative L x values, and the OAM transfer efficiency follows the laser intensity radial distribution.
C. Control of the magnetic field strength
Equation (14) predicts that the sign of the electron OAM values should change by inverting the sign of the OAM laser beam. This is confirmed in Fig. 10 where the L x spatial distribution computed for a 0 = 1 and l = −1 displays positive values. Note that, similarly to the l = 1 case, a discrepancy is observed between the theoretical perturbative expression and the FIG. 10 . L x versus the electron initial radial position computed with PIC simulations with active plasma (gray dot), with the numerical resolution of motion equations (black circle) and with the perturbative formula given in Eq. (14) (red curve) for a 0 = 1 and
numerical values of L x . This originates from the limit of the perturbative theory which disregards some kinetic processes of higher orders, like, for example, the ponderomotive force that increases the longitudinal displacement of the electrons. Despite this discrepancy, both curves show positive electron longitudinal OAM values, opposite to the laser OAM value. Moreover, we note a relative good agreement between the numerical integration of motion equations (black circles) and PIC simulations (gray dots). Once again, the PIC computed L x values are smaller because of the plasma induced selfconsistent fields which reduce the time interaction between electrons and laser.
By controlling the electron OAM values with the laser OAM values, we choose the direction of the solenoidal magnetic field direction. Figure 11(a) shows the longitudinal cut of the solenoid magnetic field generated with a laser beam carrying l = −1 OAM. The B x amplitude is equal to the one computed for l = 1, but now the solenoid B field is oriented along the decreasing x values.
Equation (14) predicts also that the electron OAM amplitude is higher as the pulse duration increases. Figure 11(b) , displaying the longitudinal cut of B x computed to a pulse duration equal to 12 optical cycles, shows that its amplitude is two times higher than for a pulse duration equal to 6 optical cycles; the axial magnetic field reaches 100 T. The longitudinal extension of the magnetic field is larger than for the shorter pulse duration because the electrons have acquired higher longitudinal momenta resulting in a larger plasma expansion.
These results clearly evidence that this laser-plasma interaction setup not only can generate a quasistatic magnetic field, but also enable a perfect control of its generation.
V. CONCLUSION
In conclusion, we demonstrate that a tightly focused radially polarized laser beam is able to transfer its orbital angular momentum to electrons without any dissipative effects like collision or ionization. A nondissipative optical process is responsible for the irreversible electron rotation secular gain, which originates from the radial and longitudinal electron drift in the laser field. Both radial and azimuthal components of the laser fields are needed for the laser to electron OAM transfer. By using 3D particle in cell simulations, we show that the rotating electrons produce a quasistatic magnetic field of megagauss range over more than 80 fs after the end of the laser-plasma interaction. The lifetime is limited by the plasma expansion due to the laser-induced ponderomotive force. This magnetic field is homogeneous over spatial dimensions (a 2.5 μm length and a 1.5 μm as transverse size) defined by the plasma length and the laser transverse size. An accurate choice of laser parameters, such as focal beam waist, laser intensity, laser OAM, and/or pulse duration, make then possible a control of the quasistatic magnetic field production. A simple analytical model provides a quantitative estimate of the electron longitudinal orbital angular momentum values and the solenoidal magnetic field up to a 0 = 1. This work opens alternative ways to optically generate megagauss quasistatic magnetic fields from plasma interacting with mJ laser beam. We can expect a gigagauss axial B-field from a laser beam in a Joule range. 
APPENDIX A: QUASISTATIC MAGNETIC FIELD
We detail here the computation of the quasistatic magnetic field produced from an electron solenoid. The solenoid shape is a hollow cylinder with a length d, an internal radius r 0 , and an external radius r 1 , as drawn in Fig. 12 . The electrons localized in the hollow cylinder are characterized with a density n e and with an longitudinal orbital angular momentum equal to l x .
According to the Biot-Savart law [22] , the magnetic field generated at the point M from electron localized at the point P is
with j (P ) the electron density current at the point P .
Due to the cylindrical symmetry, the magnetic field is oriented along the x axis, so that the point M is localized on the x axis ( OM = x e x ). The electrons are localized at the point P such that OP = r e r . We then write j (P ) × P M = −en e v θ × (−r e r + x e x ), where v θ is the electron azimuthal velocity. The axial magnetic field then writes
After spatial integration, the magnetic field writes: 
Integrated over one laser optical period, we obtain L
x τ 0 = 0. Thus, the first-order term of electron longitudinal OAM does not contribute to the laser to electron angular momentum transfer.
The second-order term of electron longitudinal OAM solveṡ 
By integrating Eq. (B11) over the laser pulse duration, we obtain the analytical expression of L (2) x given in Eq. (14) . It predicts that the electron angular momentum is linearly dependent on the pulse duration and on the laser OAM. Figure 13 draws the electron L x distribution versus their initial radial position computed with the numerical integration of motion equations (black circle) and with the perturbative expression given in Eq. (14) (red cuve) for a 0 = 0.1, l = 1, τ = 6τ 0 , w 0 = 2 μm. We observe a perfect agreement between both curves. As predicted by Eq. (14) , the L x values are opposite to the laser OAM value, and are maximal in amplitude near w 0 / √ 2. This confirms that the electron angular momentum originates from their longitudinal and radial motion in the laser field.
In Fig. 14 , the laser OAM is now set to l = −1. We observe that the electrons gain positive angular momentum, but with absolute values equal to the previous case. Equation (14) predicts a linear dependence with the pulse duration. This is confirmed in Fig. 15 where the pulse duration is two times larger.
